The surface and sub-surface of an intercritically annealed Si-bearing CMnSi TRIP steel were investigated by high resolution transmission electron microscopy after pre-oxidation in a N2+0.3 vol-% O2 atmosphere and subsequent reduction in a N2+10 vol-% H2 atmosphere. After the initial pre-oxidation the surface consisted of areas covered with a thick Fe3O4 oxide with an open porous structure and areas covered with a thin compact Fe3O4 film connected to the steel by xMnO.SiO2 oxide bridges connecting the oxide film to the matrix. Both porous and compact oxide contained embedded grains of MnO. A grain boundary network of amorphous SiO2 was formed in the steel subsurface under the porous Fe3O4 after the pre-oxidation treatment. No internal oxidation was observed below the compact Fe3O4 layer. Whereas, the Fe3O4 was fully reduced to metallic Fe after reduction annealing, the selective oxides MnO, and a-xMnO.SiO2 (x<0.9) were unaffected by the reduction annealing. As no amorphous a-SiO2 or axMnO.SiO2 (x<0.9) film forming oxides were present at the surface of the Si-bearing TRIP steel after the pre-oxidation and reduction annealing, the treatment is believed to lead to an improved wettability of the surface by liquid Zn during hot dip galvanizing and Zn-coatings which are free of bare spot defects. Zncoating adhesion problems may however arise from the formation of large pores at the Fe3O4/steel interface, which are still present after the oxide reduction.
Introduction
The galvanizability of Transformation-Induced Plasticity (TRIP) steels by means of hot dip galvanizing is a key factor to determine the suitability of TRIP steel for automotive applications as thinner TRIP steel sheet used to produce lighter car-bodies must have a high resistance to perforation corrosion. The low dew point N2 + (5-10) vol-% H2 gas atmospheres used in the annealing section of continuous Hot Dip Galvanizing (HDG) lines lead to the reduction of the iron oxides formed during cold rolling. It also results in the external selective oxidation of the key alloying elements Si and Mn. The presence of film forming surface oxides, especially amorphous a-xMnO.SiO2 (x<0.9) and a-SiO2, leads to the deterioration of the wettability of the steel by molten Zn, prevents the formation of the Fe2Al5-xZnx inhibition layer and leads to bare spot defects. [1] [2] [3] The selective oxidation at the surface and in the subsurface of DP, IF and TRIP steels is well documented, and CMnSi TRIP steels with Si contents in the range of 0.5-1.5 mass-% are usually considered more difficult to process when using a conventional HDG line operation practice. [3] [4] [5] [6] [7] [8] Figure 1 illustrates schematically the three methods which have been proposed to improve the difficulties encountered during the hot dip galvanizing of CMnSi TRIP steel. In the first method, a high dew point atmosphere is used which causes the internal selective oxidation of Si and Mn to SiO2 and xMnO.SiO2, respectively. 6, 7) In the second method the pre-deposition of a thin layer of Fe, Ni or Cu prevents selective oxidation altogether. [9] [10] [11] In the third method, the steel surface is pre-oxidized and the selective oxidation results in isolated, rather than continuous, oxide particles which are embedded in a thicker Fe-oxide surface layer. [12] [13] [14] [15] This layer is then reduced to metallic Fe in a reduction step. The oxidation-reduction process prevents the enrichment of Si and Mn as a thin surface oxide film of xMnO.SiO2 or SiO2 during the intercritical annealing process. As a result the formation of coating defects such as bare spots is inhibited. Bordignon et al. 14) have described the oxidation-reduction process in detail. They have shown that the presence of selective oxides of Si and Mn created during continuous annealing deteriorated the Zn-coating adhesion after hot-dip galvanizing, and proved that the problem could be addressed by using an annealing atmosphere with increased oxidizing potential. Nakanishi et al. 12) have also proposed an oxidization-reduction method to improve the quality of Zn-coatings on Si-bearing steel. Details of their oxidation-reduction process have not been published.
No information is currently available on the morphology, size, distribution or composition of the oxides of the alloying elements and the type of iron oxides scale formed on a CMnSi TRIP steel during the pre-oxidation annealing process and after the reduction. Therefore, High Resolution Transmission Electron Microscopy (HR-TEM) of Focused Ion Beam (FIB) milled cross-sectional samples was used to carry out the first comprehensive analysis of the composition and micro-structure of the compounds formed at the surface and in the near surface region of conventional CMnSi TRIP steel during an oxidation-reduction annealing treatment.
Experimental
The material used in the present work was industrially produced, cold rolled, full hard CMnSi TRIP steel, with the following composition: 0.11 mass-% C, 1.53 mass-% Mn, and 1.46 mass-% Si. The sample surface was mirrorpolished with a 0.5 μm diamond suspension prior to annealing in order to avoid effects solely related to the roughness of the strip surface. The continuous annealing simulation was carried out in two types of gas atmospheres. The preoxidizing atmosphere was a N2+0.3 vol-% O2 gas mixture. The choice of the a gas atmosphere with 0.3 vol-% of oxygen is based on the work of Bordignon et al., [13] [14] [15] who showed that the oxide formed during the pre-oxidation was effectively removed during a short exposure to a reductionpromoting N2+10 vol-% H2 gas mixture. The dew point was -40°C. The sample heating rate was +5°C/min. The intercritical annealing temperature was 860°C and the soaking time was 162 seconds. After the pre-oxidation stage, the samples were quenched to room temperature at a rate of -15°C/s with high purity He and prepared for HR-TEM analysis.
For the observation of the microstructure after the full oxidation-reduction process, the samples were heated at a rate of +5°C/min to the intercritical annealing temperature of 860°C, in the pre-oxidizing N2+0.3 vol-% O2 gas mixture, which was replaced by the reduction-promoting N2+10 vol-% H2 gas mixture when the sample reached the soaking temperature. The dew point was -40°C. The sample was kept at the soaking temperature for 162 seconds and quenched to room temperature at a rate of -15°C/s with high purity He gas.
The samples were investigated in a ZEISS ULTRA 55 Scanning Electron Microscope (SEM) equipped with a field-emission electron source for the observation of the flat-on surface microstructure. Cross-sectional TEM samples were prepared by Focused Ion Beam (FIB) milling to determine the composition, crystal structure, morphology, and spatial distribution of the oxides in a JEOL JEM-2100F FE-TEM operated at 200 kV. The determination of the oxides composition was done by means of a nano-beam INCA Energy Dispersive Spectroscopy (EDS) attachment. Figure 2 shows examples of typical EDS spectra. The EDS spectra are for MnO, SiO2, 2MnO.SiO2 and MnO.SiO2. A typical quantitative analysis for the compound oxides is also listed. In addition, Fig. 2 illustrates the difference between the EDS spectrum for the Fe3O4 layer after the pre-oxidation and the reduced Fe layer obtained after the reduction treatment.
Results
A typical flat-on view of the surface of a CMnSi TRIP steel sample intercritically annealed in the N2+0.3 vol-% O2 oxidation-promoting atmosphere is shown in Fig. 3 . The oxides were present on the surface as either thick porous oxides (e.g. zone A) or thin compact oxides layers (e.g. zone B). In addition, small oxide ridges were present at the surface. These may be caused by a slightly higher oxidation rate where the grain boundaries intersecting the surface. The surface areas covered with the porous oxides were clearly separated from the compact oxide areas. Figure 4 shows a cross-sectional view of the porous surface oxide formed in zone A of Fig. 3 . Note that the thin layer with a dark contrast at the surface of the sample is a protective Pt coating used to protect the thin surface oxide films during the FIB specimen preparation. Figure 4 shows that the oxide consists of two distinct zones: a surface oxidation zone containing mostly porous Fe3O4 (Zone I) and an internal selective oxidation zone consisting mostly of a grain boundary network of amorphous a-SiO2 (Zone II) . Voids, 200-300 nm in size, were present within the polycrystalline Fe3O4 surface oxide layer. The surface oxide layer in zone I was identified as Fe3O4 by EDS and electron diffraction. The layer thickness was in the range of 1300-2000 nm. In the subsurface zone II, the steel was not oxidized and consisted of ferrite, as shown by the electron diffraction pattern in the inset of Fig. 4(a) . Between the outer porous Fe3O4 layer (zone I) and the selective oxidation zone (zone II), a thin transition layer can clearly be observed in the micrograph. Small voids with a diameter of 100-150 nm and mixed Si and Mn oxides were present at the interface between zone I and zone II. A high resolution lattice image of the oxides present at the interface between zone I and zone II (area b in Fig. 4(a) ) is shown in Fig. 4 (c). The electron diffraction pattern clearly shows that it is amorphous. EDS analysis of this interface oxide showed that it is a Mn-Si compound oxide with a composition that can be written as xMnO.SiO2 with x=0.08. Figure 4 (d) shows the interface between the steel matrix and grain boundary oxide network in the subsurface area labeled c in Fig. 4(a) . The grain boundary oxide network was found to consist entirely of amorphous a-SiO2. Figure 5 shows a cross-sectional view of the compact oxide zone B in Fig. 3 . In contrast to zone A, the surface consists of a thin compact Fe3O4 oxide film, which does not contain pores. The Fe3O4 film has a thickness in the range of 250-450 nm (Fig. 5(a) ). There is no evidence for a a-SiO2 grain boundary oxide network in the subsurface. In addition, large voids are present between the compact Fe3O4 surface oxide film and the steel matrix. Both are connected by small bridging oxides. EDS and electron diffraction pattern analysis indicated that the steel matrix was ferrite.
An enlargement of the area labeled b in Fig. 5 (a) is shown in Fig. 5(c) . The dotted line on the micrograph indicates the position of the interface between xMnO.SiO2 (x<0.9) and the steel surface. The transition from the Fe3O4 layer to an internal void is shown in Fig. 5(d) . The upper part of the void consists of Fe1-xMnxO. Figure 5 (e) shows the interface between the oxide layer and the steel matrix for area d in Fig. 5(a) . EDS analysis and electron diffraction revealed that this thin oxide layer was amorphous a-SiO2 oxides.
A typical flat-on overview of the surface of the CMnSi TRIP steel after the intercritical oxidation-reduction annealing is shown in Fig. 6 . After the reduction annealing, the surface consists of thicker porous areas (zone A) and a thin pore-free areas (zone B). Figure 7 shows a cross-sectional view of the porous zone The grain boundary network of amorphous a-SiO 2 has also not been affected by the reduction and is still clearly present. Figure 8 gives a more detailed analysis of the area labeled A in Fig. 7 . The Fe 3 O 4 is clearly reduced to metallic iron and isolated MnO oxides particles are embedded in the Fe film. The voids have thin edges which contain compound oxides of Mn and Si (Fig. 8(a) ). Figure 8(b) shows the transition from the reduced metallic iron to un-reduced xMnO.SiO 2 (x>1) to voids, corresponding to the area labeled a in Fig. 8(a) . The dotted white line indicates the position of the interface between the metallic iron and xMnO.SiO 2 (x>1) oxide.
The lattice image of an embedded MnO particle located in the area labeled b in Fig. 8(a) , which was not reduced during the reduction stage, is shown in Fig. 8(c) together with its corresponding electron diffraction pattern. The MnO oxide particle could be identified as MnO by the clear periodic contrast of the MnO lattice planes. The MnO inter-planar spacing was measured to be 0.240 nm. A lattice image of the ferritic Fe in area c of Fig. 8(a) is shown in Fig. 8(d) , together with the corresponding electron diffraction pattern. The inter-planar spacing was measured to be 0.101 nm, which corresponds to the ferrite α interplanar spacing. Figure 8 (e) shows the lattice image of the oxides close to the voids in the area labeled d in Fig. 8(a) . EDS analysis confirmed that this was crystalline c-xMnO.SiO 2 (x>1). A lattice image of the transition from un-reduced Fe 3 O 4 to amorphous a-SiO 2 oxide is shown in Fig. 8(f) , which corresponds to the area labeled e in Fig. 8(a) . Figure 9 shows a more detailed analysis of the areas labeled B and C in Fig. 7 . Figure 9 (a) is an enlargement of the top surface of the reduced Fe 3 O 4 oxide. The narrow area with a bright contrast is the actual surface after the oxidation-reduction annealing. EDS analysis and lattice imaging ( Fig. 9(b) ) show that this surface was metallic Fe and that no oxides of Mn and/or Si were present at the surface. It clearly shows that the combination of preoxidation and reduction during intercritical annealing of TRIP steel makes it possible to avoid the formation of amorphous a-SiO 2 and/or a-xMnO.SiO 2 (x<0.9) oxides which are known to be the cause of most HDG Zn-coating defects in Si-bearing TRIP steels.
2,5-7)
The internal grain boundary oxide network is still present after the oxidation-reduction annealing, as shown in Fig.  9(c) , which corresponds to the area labeled C of Fig. 7 . The lattice image of the amorphous a-SiO 2 oxides and its corresponding diffraction pattern are shown in Fig. 9(d) . (111) Figure 10 shows a cross-sectional view of the area B in Fig. 6 after the intercritical oxidation-reduction annealing. The voids originally formed between the Fe3O4 oxide layer and steel matrix are still present after the reduction. The compound oxides of Mn and Si at the void surfaces are also still present, as shown in Fig. 10(a) . An enlargement of the area labeled A in Fig. 10(a) is shown in Fig. 10(b) . It shows that the initial Fe3O4 oxide layer is clearly reduced to metallic iron. Some isolated MnO particles are embedded in this thin pure Fe surface layer as indicated in Fig. 10(b) . Figure 10 (c) shows the lattice image and the ferrite electron diffraction pattern corresponding to the pure iron area a in Fig. 10(b) . The lattice image of an isolated MnO oxide embedded in the pure iron surface layer is shown in Fig. 10(d) , which is an enlargement of the area labeled b in Fig. 10(b) . The
MnO inter-planar spacing is measured to be 0.240 nm. EDS analysis also indicated that the oxide was MnO. The MnO and pure Fe at the void surface in areas c and d in Fig. 10(b) are shown in the Figs. 10(e) and 10(f). It shows that initial Fe 3 O 4 bridges between interfacial voids reduced to the pure Fe and detached from the upper layer. The detailed lattice image of the oxides at the edge of the void in area d in Fig. 10(b) is shown in Fig. 10(f) and it shows the transition from the amorphous oxide axMnO.SiO 2 to the a-SiO 2 .
Discussion
Whereas much work has been done on the oxidation of iron and steel in conditions of dry oxidation 16, 17) and in atmospheres containing water vapor, 18) no detailed research results are available, with the exception of the work by Bordignon et al., 14) about the iron oxides formation and their subsequent reduction during the oxidation-reduction process carried out in conditions corresponding to those of a continuous annealing furnace.
The oxidation of pure Fe, certainly in terms of the fundamental point defect mechanisms controlling the mass transport in the oxides, is now well established. Of particular relevance to the discussion of the present results is the fundamental work by Dieckmann and co-workers on transport in Fe 3 O 4 . 19, 20) Their work has shown that, at high oxygen activities, the mass transport in Fe 3 O 4 required for the growth of this oxide is controlled by the outward diffusion (111) of metal cations and the inward movement of metal cation vacancies. Fe3-dO4 is therefore a more appropriate formula for magnetite, where d is the deviation from stoichiometry reflecting the presence of the point defects. Their work suggests that in the present case the outward transport of Fecations in Fe3O4 dominates and no oxygen anion diffusion takes place. Oxygen is incorporated at the outer oxide surface and creates cation vacancies which diffuse into the metal. These vacancies are removed at the oxide/metal interface by the nucleation of pores. The oxidation kinetics is decreased by the presence of these vacancies, as a large number of vacancies will eventually form pores which can join up to prevent further Fe diffusion. This will result in a thin compact Fe3O4 oxide layer connected to the substrate metal via small interfacial bridging oxides. This mechanism has one important consequence: the direct oxidation of Fe by oxygen is essentially blocked once a continuous compact Fe3O4 oxide layer is formed. This is clearly not the case in many thermal oxidation conditions encountered in practice.
Oxygen can apparently continue to have a direct access to the metal after the formation of the oxide layer. It has been suggested that in these cases oxygen can still move inward from the gas phase because dislocations, grain boundaries or micro-cracks in the oxide provide access to the metal surface to oxygen-bearing gas molecules.
20)
The situation of TRIP steel is more complex as it involves the presence of other oxidizable elements, i.e. C, Mn and Si. In addition, both ferrite and C-enriched austenite are present during the oxidation-reduction process. During the intercritical annealing of TRIP steel, carbon is initially present as cementite and as solute carbon in the intercritical austenite phase later on in the process.
In general, carbon is more easily oxidizable than Fe, but its behavior will depend on the carbon content, the temperature and whether the carbon is present as cementite or in solution in the carbon-enriched austenite phase. Carbon can react with adsorbed oxygen from the atmosphere or with dissolved oxygen to form gaseous CO or CO2. This surface decarburization process facilitates the carbon diffusion towards the surface. During the heating, carbon is present as Fe3C, which gradually forms the carbon-enriched austenite. It is well known that the oxidation of Fe3C leads to the rapid formation of a superficial protective Fe3O4 layer which prevents further oxidation of the cementite and allows Fe3C to go into solution: 21) Fe3C + 2O2 → Fe3O4 + C Note that a similar situation results even if iron oxide is formed initially and carbon remains in solution in the austenite phase shielded from direct oxidation by the iron oxide film. Wolf and Grabke 22) have clearly shown that carbon does not dissolve in the lattice or in the grain boundaries of Fe3O4. This was confirmed by Manenc and Vagnard 23) who observed that decarburization in Fe-C alloys occurred only in places where the oxide was broken. In areas where the oxide was strongly adherent to the metal, they observed carbon enrichments.
The presence of carbon leads to the formation of pores and micro-cracks in the oxide layer. Engell 24) has shown that the oxidation of both carbon and iron takes place in Fe-C alloys. The carbon is oxidized to CO and CO2 gas by reduction of the iron oxide at the oxide/metal interface:
The formation of gases causes the cracking of the oxide and this exposes more metal to oxygen. As a consequence, the locally higher carbon content of the austenite leads to more oxidation because in these areas the fast diffusion of molecular oxygen is possible through a porous oxide. The presence of pores also enhances the decarburization and this is in agreement with well-known observation that extensive decarburization is often associated with the presence of porous, less-adherent oxides. A similar observation has been reported by Pandey 25) in the case of the decarburization occurring during oxidation of Mn-free Ni. As the carbon cannot diffuse through the compact oxide layer, CO2 gas is formed at the interface.
The schematic of Fig. 11 gives an explanation for the surface and interface phenomena observed during the intercritical oxidation-reduction annealing of CMnSi TRIP steel. In this figure the pore formation by CO2 is taken as a working assumption, which remains to be proven experimentally.
In the initial state, the microstructure consists of ferrite and pearlite. As the steel is heated to the intercritical holding temperature, the pearlite constituent transforms to a carbonrich austenite phase. During the pre-oxidation, the surface ferrite and austenite phase oxidize differently due to their difference in carbon content. In the ferrite no decarburization occurs, and the oxidation is by growth of the Fe3O4 layer only, which grows by Fe cations diffusion through the oxide layer. This is compensated by the formation of vacancies at the oxide/metal interface. The compact Fe3O4 layer shields the metal surface from direct contact with the gas atmosphere and the oxygen activity at the Fe3O4/metal becomes so low that Mn and Si, their content being locally increased by the oxidation of Fe can reduce the Fe3O4 and form the more stable xMnO.SiO2. Simultaneously with this interfacial reduction, the vacancies form voids which join up to form large interfacial pores. In the reduction stage, the Fe3O4 is reduced to very pure Fe by hydrogen. The larger pores, the isolated embedded MnO particles and the xMnO.SiO2 are unaffected by the process.
In the austenite phase both the oxidation of iron and decarburization occur. The oxidation of iron is by the growth of a Fe3O4 layer. This initially compact layer shields the carbon from decarburization by the gas atmosphere, and when the oxygen activity at the Fe3O4/metal becomes low enough, carbon, its content being locally increased by the oxidation of Fe, will reduce the Fe3O4 and form CO2 gas which create micro-voids and cracks in the oxide layer. This exposes the Fe-depleted metal surface to the gas atmosphere and has three important consequences: the oxide layer will appear more voluminous, decarburization will proceed at a faster pace and internal selective oxidation can take place.
In the reduction stage, the porous Fe3O4 is very efficiently reduced to very pure Fe by hydrogen. The micro-cracks, the embedded MnO particles and the xMnO.SiO2 and SiO2 selective oxides are unaffected by the reduction process.
Whereas the oxygen activity is too low and the annealing times too short for Fe2O3 formation, it is not known why magnetite rather that Wüstite (FeO) is formed in the preoxidation stage. The presence of isolated MnO particles embedded in Mn-free Fe3O4 surface oxide does however support the oxide analysis made in the present work, as it is well documented that MnO forms the continuous solid solution Manganowüstite (Fe1-xMnx)1-ΔO with FeO. 26) The oxidation-reduction process is clearly effective in producing a very pure Fe surface on CMnSi TRIP steel within very short times. This is expected to lead to a substantial reduction in the number of bare spot defects in the Zn-coating. Having said this, the formation of large interfacial pores by vacancy condensation or decarburization may eventually result in spallation of the coating in forming operations.
Conclusions
The pre-oxidation of a CMnSi TRIP steel during intercritical annealing in a N2+0.3%O2 atmosphere and the subsequent reduction of the surface oxide by a N2+10%H2 atmosphere with a dew point of -40°C were investigated in detail by means of HR-TEM.
The pre-oxidized surface consists of austenite grains covered with a porous Fe3O4 oxide and ferrite grains covered with a thin compact Fe3O4 layer. The porous Fe3O4 oxide has large voids due to decarburization. The open oxide structure enables selective oxidation to take place and this lead to the formation of a grain boundary network of amorphous a-SiO2 oxides in the metal. The thin compact Fe3O4 layer is separated from the matrix by large oxide/matrix interfacial voids. The surface oxide is connected to the substrate by thin crystalline cxMnO.SiO2(x>1) and amorphous a-xMnO.SiO2(x<0.9) bridging oxides.
The reduction step of the oxidation-reduction process does not affect the MnO, c-xMnO.SiO2(x>1) and axMnO.SiO2(x<0.9) oxides and the voids formed during the pre-oxidation process are also still present after reduction. The oxidation-reduction process results in the formation of a thin surface layer of very pure Fe. This should lead to a reduction of the Zn-coating defects on Si-bearing TRIP steels in HDG lines. The increased risk of coating spallation during forming operation, resulting from the presence of large voids, should however be evaluated.
